Pluripotency, the ability to generate any cell type of the body, is an evanescent attribute of embryonic cells. Transitory pluripotent cells can be captured at different time points during embryogenesis and maintained as embryonic stem cells or epiblast stem cells in culture. Since ontogenesis is a dynamic process in both space and time, it seems counterintuitive that these two temporal states represent the full spectrum of organismal pluripotency. Here we show that by modulating culture parameters, a stem-cell type with unique spatial characteristics and distinct molecular and functional features, designated as region-selective pluripotent stem cells (rsPSCs), can be efficiently obtained from mouse embryos and primate pluripotent stem cells, including humans. The ease of culturing and editing the genome of human rsPSCs offers advantages for regenerative medicine applications. The unique ability of human rsPSCs to generate post-implantation interspecies chimaeric embryos may facilitate our understanding of early human development and evolution.
Pluripotency, the ability to generate any cell type of the body, is an evanescent attribute of embryonic cells. Transitory pluripotent cells can be captured at different time points during embryogenesis and maintained as embryonic stem cells or epiblast stem cells in culture. Since ontogenesis is a dynamic process in both space and time, it seems counterintuitive that these two temporal states represent the full spectrum of organismal pluripotency. Here we show that by modulating culture parameters, a stem-cell type with unique spatial characteristics and distinct molecular and functional features, designated as region-selective pluripotent stem cells (rsPSCs), can be efficiently obtained from mouse embryos and primate pluripotent stem cells, including humans. The ease of culturing and editing the genome of human rsPSCs offers advantages for regenerative medicine applications. The unique ability of human rsPSCs to generate post-implantation interspecies chimaeric embryos may facilitate our understanding of early human development and evolution.
Two types of pluripotent stem cells (PSCs) have been captured from early mouse embryos. Embryonic stem cells (ESCs) derived from the inner cell mass (ICM) of a pre-implantation blastocyst 1,2 resemble naive epiblast 3 , and epiblast stem cells (EpiSCs) established from post-implantation epiblast are probably the in vitro counterparts of anterior primitive-streak cells [4] [5] [6] . While both are pluripotent, they bear striking differences in molecular signature, signalling dependency, colony morphology, cloning efficiency, metabolic requirements and epigenetic features 7, 8 , which together with their ability to re-enter embryogenesis at different developmental time points (pre-implantation versus post-implantation, respectively) distinguish ESCs and EpiSCs as existing in two temporally distinct pluripotent states.
After embryo implantation, signals from regionalized extraembryonic tissues guide pluripotent epiblast cells through dynamic changes to initiate the embryonic body plan that accommodates the diversified developmental fates that ensue upon gastrulation 9 . Heterotopic grafting experiments indicate that epiblast cells, regardless of their regional origins, can adopt the developmental fate characteristic of the cell population at the site of transplantation, illustrating their highly plastic nature 10 . Nonetheless, it is conceivable that epiblasts are subjected to regional influences and bear a multitude of pluripotent states with distinguishable molecular and functional signatures 11 . To date it remained unknown whether PSCs with distinct spatial identities could be stabilized in culture. By carefully examining the cellular response of the epiblast to different ex vivo environmental stimuli, we have isolated, with high efficiency, a stable primed pluripotent cell type from both pre-and post-implantation epiblasts that differs from EpiSCs in cloning efficiency, cell growth kinetics, transcriptomic, epigenomic and metabolic profiles. Notably, the newly identified PSCs selectively colonize the posterior region of post-implantation embryos and allow for efficient generation of ex vivo intra-and interspecies chimaeric embryos. Our study not only uncovers a novel spatially defined pluripotent cell type, but also opens up a new avenue for comparing early developmental programs across species.
Optimizing epiblast culture parameters FGF2/Activin-A (F/A) signalling supports the derivation of EpiSCs 4, 5, 12 . While deriving EpiSCs using a F/A-based medium 13 , we observed cellular differentiation started around day 3 and by day 4 only a few undifferentiated epiblast cells remained (Fig. 1a, b and Extended Data Fig. 1a, b) . This suggested to us that the pluripotent states of most of the cells present across the in vivo epiblast could not be maintained by F/A signalling. The canonical Wnt signalling pathway also has an important role in EpiSC self-renewal [14] [15] [16] [17] . We tested the effect of a Wnt inhibitor IWR1 on epiblast explants. Isolated E5.75 epiblasts were cultured in a serum-free N2B27 medium 18 on mitotically inactivated mouse embryonic fibroblasts (MEFs) supplemented with IWR1 (N2B27 R1 ) (Fig. 1a, b) . After 4 days in culture, we found the number of SSEA-1 1 /OCT4 1 cells dramatically increased in N2B27 R1 compared to F/A-based medium (Extended Data Fig. 1b ). However, a significant fraction of SSEA-1 2 /OCT4 2 cells was still detected. Next we tested the combination of either Activin-A/IWR1 (N2B27 A/R1 ) or FGF2/IWR1 (N2B27 F/R1 ). Notably, while a comparable level of differentiation was observed in N2B27
A/R1 versus N2B27 R1 , day 4 epiblast outgrowths in N2B27 F/R1 showed homogenous morphology and little-to-no differentiation (Fig. 1b, c and Extended Data Fig. 1b, c) . Mechanistically, the combination of the serum-free N2B27 medium, IWR1 and FGF2 suppressed lineage differentiation and arrested the majority of, if not all, epiblast cells in a proliferative state, with homogenous expression of the pluripotency markers OCT4 and SSEA-1 ( Fig. 1d and Extended Data Fig. 2a, b) .
A spatially defined pluripotent state
Upon passaging with collagenase type IV, traditionally used for EpiSCs, we could derive stable cell lines under N2B27 F/R1 , referred to as EpiSCs F/R1 . Surprisingly, EpiSCs F/R1 could also be efficiently derived after trypsin disaggregation of day 4 epiblast outgrowths (Extended Data Fig. 3a) . In addition to IWR1, we could also obtain stable cell lines using other Wnt inhibitors XAV939 and IWP2 (Extended Data Fig. 3i, j) . In our experiments, the derivation success rate with F/A culture is around 33%, similar to a recent report 6 . In contrast, we could readily obtain stable EpiSCs F/R1 from different genetic backgrounds and different developmental stages of postimplantation as well as pre-implantation epiblasts, even after the first passage with a derivation success rate of 100% (Extended Data Fig. 3b , c, e), a feat not possible with F/A culture 5, 19 . Moreover, N2B27
equally supported the derivation of EpiSCs F/R1 from four micro-dissected quadrants (anterior-proximal, anterior-distal, posterior-proximal and posterior-distal) of E6.5 epiblasts with a perfect success rate (Extended Data Fig. 3f, g ). This uniform response suggests that N2B27 F/R1 captures a pluripotent state accessible to all in vivo pluripotent epiblast cells of diverse spatiotemporal origins.
EpiSCs F/R1 could be maintained long term in culture while displaying homogenous morphology and a normal karyotype ( Fig. 1c and Extended Data Fig. 4f ). EpiSCs F/R1 derived from different developmental stages and different regions exhibited gene expression patterns characteristic of the primed-state PSCs (Extended Data Figs 3d, h and 4a). EpiSCs F/R1 expressed standard pluripotent protein markers and possessed weak alkaline phosphatase activity (Extended Data Fig.  4b, c, g ). Epigenetically, EpiSCs F/R1 exhibited X-chromosome inactivation in female cells (Fig. 2a and Extended Data Fig. 4b ), demethylated Oct4 (also known as Pou5f1) promoter and fully methylated Stella (also known as Dppa3) and Dppa5 promoters (Extended Data   Fig. 4d) . We found that self-renewal of EpiSCs F/R1 was dependent on balanced signalling of FGF2 and IWR1 (Extended Data Fig. 5a-c) .
Pluripotency of EpiSCs
F/R1 was demonstrated with in vivo teratoma assays and we observed that the sizes of teratomas derived from EpiSCs F/R1 were smaller than those derived from EpiSCs (Extended Data Fig. 4i-k) . Collectively, these results indicate that EpiSCs F/R1 bear properties characteristic of the primed pluripotent state.
Low clonogenicity is regarded as one of the prominent features of primed EpiSCs. In contrast, EpiSCs F/R1 showed high cloning efficiency (,34.2%) at a comparable level to ESCs (,41.3%) and much higher than EpiSCs (,1.1%) (Fig. 2b and Extended Data Fig. 4e ) 15, 20 . Other notable differences between EpiSCs F/R1 and EpiSCs are proliferation rate and doubling time. EpiSCs F/R1 proliferate at a much faster pace than EpiSCs (Fig. 2c) . The doubling time of EpiSCs F/R1 (8-10 h) is markedly shorter than that of EpiSCs (14-16 h) and this is probably due to a shortened G1 phase (Extended Data Fig. 4h ). Metabolically, we found EpiSCs F/R1 were more dependent on glycolysis and less on mitochondrial respiration than already highly glycolytic EpiSCs 8 (Extended Data Fig. 7a-g ), which might support their fast growth rate. The high cloning efficiency, rapid proliferation rate and a more glycolytic metabolic profile suggest that EpiSCs F/R1 exist in a primed pluripotent state distinct from that of the conventional EpiSCs.
Naive mouse ESCs (mESCs) differ from primed EpiSCs in their ability to generate chimaeras following blastocyst injection. Postimplantation embryos, however, constitute a non-permissive environment for ICM-derived mESCs, and hence, grafted mESCs proliferate poorly 21 . To phenotypically evaluate the pluripotent state of EpiSCs
, we first performed blastocyst injections. We did not observe any chimaera contribution from EpiSCs
, further supporting the notion that EpiSCs F/R1 are in a primed pluripotent state. Although incapable of colonizing pre-implantation ICMs, EpiSCs could readily incorporate and generate chimaeras when grafted into post-implantation epiblasts followed by in vitro embryo culture 21 . To functionally define EpiSCs F/R1 we grafted Kusabira-Orange-labelled EpiSCs F/R1 into different regions of isolated, non-intact E7.5 embryos (anterior, distal and posterior) (Fig. 2d) . Unlike conventional EpiSCs, which incorporated efficiently in the distal (10/12) and posterior (8/10) regions and to a lesser extent the anterior region (6/10), an observation consistent with previous reports 6, 15, 21 , EpiSCs F/R1 only integrated efficiently in the posterior epiblast (22/25). They poorly integrated in the anterior region (3/12) and not at all in the distal region (0/12). More importantly, after 36 h of embryo culture only EpiSCs F/R1 grafted to the posterior region could disperse from graft sites, proliferate and differentiate into the three germ layers in chimaeric embryos (Fig. 2e-g and Extended Data Fig. 4m ). These results not only confirmed the pluripotency of EpiSC
, but also revealed a preferential affinity and high compatibility between EpiSCs F/R1 and the posterior E7.5 epiblast. Based on this unique embryo grafting property, we named EpiSCs F/R1 as region-selective EpiSCs, or rsEpiSCs. Divergent grafting outcomes indicate that rsEpiSCs represent a class of primed-state PSCs with a new spatial identity distinct from conventional EpiSCs.
Multiple omics comparisons of PSCs
We compared the transcriptomes of mESCs, EpiSCs, rsEpiSCs and in vivo isolated epiblasts using microarrays. Principle component analysis (PCA) and unsupervised hierarchical clustering analysis showed that rsEpiSCs clustered tightly as a group separated from both mESCs and EpiSCs, indicating that rsEpiSCs acquired a distinct global transcriptome profile ( Fig. 3a and Extended Data Fig. 6a ). Comparative analysis of RNA-seq data identified 2,245 genes differentially expressed between rsEpiSCs and EpiSCs using a fourfold cut-off (FDR , 0.05, Extended Data Fig. 6b and Supplementary Table 1) . Notable gene ontology (GO) terms enriched in genes upregulated in rsEpiSCs were related to neuron differentiation and development (Extended Data Fig. 6c) 
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(Extended Data Fig. 4l ). Other prevalent GO terms were associated with cell motion, extracellular matrix and plasma membrane. This is reminiscent of the epithelial to mesenchymal transition (EMT) that takes place during gastrulation. We further explored this possibility by analysing the levels of E-CADHERIN, CLAUDIN-3 and SNAIL, proteins integral to the EMT process. Notably, we detected reduced expressions of both E-CADHERIN and CLAUDIN-3 and a concomitant increase in SNAIL expression, suggesting that the EMT process might have been initiated in rsEpiSCs (Fig. 4b) . It is interesting to note that, consistent with the metabolic flux analysis, gene expression levels of enzymes and complexes involved in glycolysis were higher in rsEpiSCs versus EpiSCs, and those related to mitochondrial function were lower in rsEpiSCs versus EpiSCs (Extended Data Fig. 7h ).
ChIP-seq analysis revealed that the global histone 3 lysine 4 trimethylation (H3K4me3) distribution pattern was similar between EpiSCs and rsEpiSCs while a significant increase of H3K27me3 levels was detected at the transcription start site of polycomb group target genes in rsEpiSCs (Fig. 3b, Extended Data Fig. 6d , http://neomorph.-salk.edu/rsEpiSC/browser.html). The genomes of both EpiSCs and rsEpiSCs are highly methylated in CG contexts (,87%, Extended Data Fig. 6f ). The genome-wide discovery of differentially methylated regions (DMRs) identified 1,336 DMRs between EpiSCs and rsEpiSCs with the vast majority (88.3%) showing hyper-methylation in rsEpiSCs. Of these rsEpiSCs hyper-DMRs, 53.8% (635/1,180) were located within 2.5 kilobases of the transcription start site (Extended Data Fig. 6f ). rsEpiSCs hyper-DMRs were strongly enriched at CpG-island-containing promoters (P 5 2.14 3 10 288 ). A subset of genes (cluster 3) associated with complete promoter methylation and concomitant loss of H3K4me3 in rsEpiSCs was accompanied by reduced expression levels (48% of genes in cluster 3, P 5 1.6 3 10 28 , Fig. 3c ). Consistent with the selective engraftment of rsEpiSCs to the posterior epiblast, genes associated with rsEpiSCs hyper-DMRs were enriched for GO terms such as regionalization and anterior/posterior pattern specification (Extended Data Fig.  6h ). In both EpiSCs and rsEpiSCs, we observed a positive correlation between gene expression and non-CG methylation levels in the gene body, characteristic of pluripotent cells 22 (Extended Data Fig. 6g ). Consistent with transcriptomic analysis, genes related to cell membrane and neuronal lineage exhibited distinct patterns while pluripotency-related genes remained comparable in DNA methylation and/ or histone methylation levels between EpiSCs and rsEpiSCs (Extended Data Fig. 6e) .
Untargeted metabolomics and lipidomics analysis quantified differences in hydrophilic and hydrophobic metabolites, respectively, between EpiSCs and rsEpiSCs. Several hundred metabolites were identified as being different between the two cell lines using XCMS online 23 and the METLIN database 24 (Extended Data Fig. 7i , j and Supplementary Tables 2-7). The data show broad changes in metabolite levels including increased tricarboxylic acid cycle intermediates and lower levels of lipids in EpiSCs, indicating increased energy utilization in these processes. The increased tricarboxylic acid cycle usage is in line with a higher mitochondria respiration rate in EpiSCs than 
RESEARCH ARTICLE
rsEpiSCs. Also, rsEpiSCs contained less glucose and more glucose-6-phosphate compared to EpiSCs, which correlates with the higher glycolytic activity in rsEpiSCs as determined by medium acidification measurements.
Collectively these multi-omic results distinguish rsEpiSCs from EpiSCs at the transcriptomic, epigenomic and metabolic levels, further underlining their contrasting attributes despite both existing in the primed pluripotent state.
In vivo relevance of rsEpiSCs
To investigate which region(s) of the in vivo epiblast rsEpiSCs may resemble, we performed RNA-seq on four dissected regions of the late E6.5 epiblast (anterior-proximal, anterior-distal, posterior-proximal and posterior-distal) and compared differentially expressed genes among in vivo samples with rsEpiSCs. Spearman's rank correlation revealed that in vivo posterior-proximal epiblast had a higher correlation with rsEpiSCs than other epiblast quadrants, suggesting that rsEpiSCs might have acquired cellular properties characteristic of the posterior-proximal epiblast (Fig. 4a) .
To reveal the temporal identity of rsEpiSCs, we first tested the ability of rsEpiSCs to be induced into primordial germ cells (PGCs). Epiblasts acquire the ability to adopt a PGC fate in response to BMP4 between developmental stages E5.5 and E6.5 25, 26 . We did not observe any PGC induction in rsEpiSCs following an established protocol 13 (Extended Data Fig. 6l ), suggesting that they do not resemble in vivo epiblasts during this period. To help dissect which developmental stage rsEpiSCs most closely relate to, we next compared the transcriptomes of rsEpiSCs to those of epiblasts isolated from different embryological timelines from a published data set 6 . PCA and hierarchical clustering analysis revealed that gene expression profiles of rsEpiSCs are similar to epiblast from late-streak/no-bud-stage embryos 27 (Extended Data Fig.  6i, j) . This prompted us to investigate whether rsEpiSCs acquired primitive streak cellular properties by comparing rsEpiSCs and in vivo latestreak epiblast transcriptomes for an annotated list of primitive marker genes 6, 28, 29 . We found almost all primitive streak-related genes were expressed at significantly lower levels in rsEpiSCs compared to in vivo late-streak epiblast, indicating rsEpiSCs had not acquired the molecular properties of primitive streak cells (Extended Data Fig. 6k ).
To functionally time rsEpiSCs, we focused on their unusually high cloning efficiency and tested clonal derivation of rsEpiSCs by directly trypsinizing isolated epiblasts. When starting with E7.5 epiblasts, a few OCT4-positive colonies appeared after 7 day's culture. In contrast, we did not observe any colony forming with E6.5 epiblasts (Fig. 4c-e) . These results indicate that some in vivo E7.5 epiblast cells acquired resistance to apoptosis after single-cell enzymatic dissociation, a property shared by rsEpiSCs. This may be attributed to the EMT occurring during gastrulation when posterior-proximal epithelial epiblast cells delaminate and ingress through the primitive streak to form mesoendoderm 30 . Taken together, these findings suggest that rsEpiSCs may represent a subpopulation of cells from the late-streak/no-bud-stage epiblast undergoing EMT before their lineage commitment.
Primate region-selective PSCs
Notwithstanding their blastocyst origin, human ESCs exist in a primed pluripotent state similar to mouse EpiSCs, a state that suffers from several practical disadvantages, including low derivation and cloning efficiency. When human ESCs were cultured in F/R1 conditions we observed long-term self-renewal and karyotypic stability ( Fig. 5a and Extended Data Fig. 8e ). F/R1 human ESCs (designated as human region-selective ESCs, or human rsESCs) expressed . Notably, compared to F/A culture, putative iPSC-like colonies in F/R1 culture were more homogenous, bigger in size and contained less colonies with partial/absent alkaline phosphatase activity (Extended Data Fig. 8g -i). F/R1 culture also supported long-term culture of non-human primate (NHP) PSCs including rhesus macaque PSCs 31 and chimpanzee iPSCs 32 ( Fig. 5a and Extended Data Fig. 10a, b) . The cloning efficiency of NHP rsESCs was also improved (Fig. 5b) . Hierarchical clustering of the trancriptome analysed using RNA-seq showed that primate rsPSCs were clustered together in a group distinct from conventional primate PSCs in F/A culture (Fig. 5c ).
To functionally test whether primate rsPSCs acquired phenotypic properties characteristic of mouse rsEpiSCs, we grafted green fluorescent protein (GFP)-labelled human H9 ESCs or H9 rsESCs into the anterior, distal and posterior regions of epiblasts of isolated non-intact E7.5 mouse embryos (see Methods). Conventional H9 ESCs could not efficiently integrate and proliferate inside mouse epiblasts regardless of their grafting sites. In rare cases when few H9 ESCs were detected, they remained undifferentiated, as indicated by positive staining for OCT4 ( Fig. 5d-f ). This indicates that unlike mouse EpiSCs, human H9 ESCs are incompatible with mouse post-implantation epiblasts. In contrast, H9 rsESCs efficiently integrated, proliferated and differentiated into all three germ layers when grafted in the posterior region, remained undifferentiated as clusters in the anterior region and showed no incorporation in the distal region of the E7.5 mouse epiblasts, consistent with mouse rsEpiSCs (Fig. 5d-f ). In addition to human cells, we observed similar engrafting patterns with GFP-labelled rhesus macaque rsESCs (Extended Data Fig. 10d-f ), indicating that F/R1 culture endowed similar phenotypic features to NHP ESCs.
Pluripotency, an evanescent feature of early embryonic development, permeates epiblast cells of diverse spatiotemporal orgins 33 . Nevertheless, distinct pluripotent states have been described and distinguished along the embryological timeline without regard to spatial attributes. Although post-implantation pluripotent epiblast cells are not irreversibly committed, they are spatially polarized under the influence of local milieus provided by surrounding extraembryonic tissues 34 . The regional properties of post-implantation epiblast cells have largely been overlooked in EpiSCs. By refining culture parameters, we have captured cells of spatially defined pluripotency that harbour molecular, epigenetic and metabolic signatures that differ from conventional EpiSCs. Our study sets a precedent for exploring other spatially distinct pluripotent states in the early embryo. Compared to naive cells, primed PSCs exist in a more developmentally advanced state and are poised for rapid and efficient differentiation. This advantage, however, is overshadowed by the heterogeneity and poor cloning efficiency associated with the conventional F/A culture. F/R1 culture boosts cloning efficiency, simplifies routine cultivation, improves the quality of iPSC generations, and facilitates genome editing in primed human PSCs. These features are attractive for a myriad of applications such as synchronized and efficient differentiation, large-scale cell production, and gene-correction for disease modelling and therapeutic purposes. In addition, the ability of human rsESCs to differentiate into derivatives of all three embryonic germ layers in chimaeric embryos provides us with a novel platform to study early human developmental events that are otherwise difficult to investigate, such as gastrulation and early lineage commitment, presumed, but not yet fully proven, to be conserved between human and other animal model organisms. The capture and engineering of PSCs with distinct features 35,36 may enrich our fundamental understanding of pluripotency in mammalian development and evolution, as well as expand the repertoire of cellular tools that can be harnessed for regenerative medicine applications.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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METHODS
No statistical methods were used to predetermine sample size.
Mice. B6;CBA-Tg(Pou5f1-EGFP)2Mnn/J 37 (The Jackson Laboratory, stock number: 004654) and B6.Cg-Tg(Prdm1-EYFP)1Mnz/J 38 (The Jackson Laboratory, stock number: 008828) transgenic mice were maintained on the C57BL/6J background. To obtain embryos, ICR or C57BL/6J females were mated with males from ICR, BDF1 (a cross between C57BL/6J and DBA2), B6;CBA-Tg(Pou5f1-EGFP)2Mnn/J or B6.Cg-Tg(Prdm1-EYFP)1Mnz/J homozygous strains. B6 embryos were obtained by mating female C57BL/6J with male C57BL/6J. Both male and female mice were used at ages between 6 to 25 weeks. No randomization and no blinding were used. All the animal experiments were performed under the ethical guidelines of the Salk Institute, and animal protocols were reviewed and approved by the Salk Institute Institutional Animal Care and Use Committee (IACUC). Epiblast isolation from post-implantation embryos. Timed-pregnant mice were euthanized for embryo collection at appropriate developmental stages between E5.25 and E7.75. To isolate epiblasts, embryos were first dissected out from decidua. Rechert's membrane, extra-embryonic ectoderm and visceral endoderm were carefully removed mechanically with fine forceps and a tungsten needle. The embryo isolation procedures were performed in media containing DMEM (Gibco), 10% FBS (Hyclone) and 13 penicillin-streptomycin (Gibco). For isolation of epiblast from stage E7.25 and E7.5 embryos, an additional step was taken to mechanically remove the mesodermal layer. Staging of embryos was performed as previously described 26, 39 . Derivation and culture of mouse rsEpiSC lines. For rsEpiSCs derivation, epiblasts from E5.25 to E7.5 post-implantation mouse embryos were isolated by mechanically removal of Rechert's membrane, visceral endoderm as well as extra-embryonic ectoderm using fine forceps and a tungsten needle. In the case of stage E7.25 and E7.5 embryos, the mesodermal layer was also mechanically removed with a tungsten needle. Isolated epiblasts were placed on MEFs in chemically defined N2B27 medium 40 supplemented with FGF2 (20 ng ml
21
, Peprotech) and IWR1 (2.5 mM, Sigma Aldrich). After 4 day's culture, epiblast outgrowths were dissociated with TrypLE (Life Technologies) and replated onto newly prepared MEFs in one well of a 12-well plate. rsEpiSCs were passaged every 3-4 days with TrypLE at a split ratio of 1:50. For clonal derivation of rsEpiSCs from E6.5 and E7.5 embryos, isolated epiblasts were treated with trypsin-EDTA (0.25%, Life Technologies) for 10 min at 37 uC followed by repeated pipetting (,40 times) with a P200 pipette. Dissociated cells were passed through 40 mm cell strainer to obtain a single-cell suspension and cultured on MEFs in N2B27 F/R1 media. Derivation of rsEpiSCs from pre-implantation blastocysts. Timed-pregnant mice were euthanized for blastocyst collection at E3.5. Zona pellucidae were first removed from E3.5 blastocysts after brief treatment with acidic Tyrode's solution (Millipore MR-004-D). ICMs were isolated using immunosurgery. In brief, to remove the trophectoderm layer, blastocysts were incubated with rabbit antimouse serum (Sigma-Aldrich) followed by guinea pig complement (SigmaAldrich) treatment. The trophectoderm layer was removed by repeated pipetting and ICMs were plated onto MEFs and cultured in N2B27 F/R1 medium. After 5 day's culture, ICM outgrowths were passaged using TrypLE (Life Technologies) and plated onto newly prepared MEFs. Derivation and culture of mouse ESC lines. Embryo manipulations were performed under a dissecting microscope (Olympus SZX10). Blastocyst stage embryos were collected from timed-pregnant mice at E3.5 and used for ESC derivation. In brief, zona pellucidae were removed by brief treatment with acidic Tyrode's solution (Millipore MR-004-D). After removing zona pellucidae, embryos were plated on MEF in N2B27 2ILIF medium: N2B27 basal medium supplemented with human leukemia inhibitory factor (LIF) (10 ng ml 21 , Peprotech), 3 mM CHIR99021 (Selleckchem) and 1 mM PD035901 (Selleckchem). After 6 days in culture, ICM outgrowths were passaged using TrypLE and re-seeded onto newly prepared MEFs for further cultivation. Established mouse ESC lines were cultured either on MEF or poly-L-orinithine (Sigma-Aldrich) and laminin (BD Biosciences) coated plates and passaged every 3-4 days at a split ratio of 1:20. Derivation and culture of mouse EpiSC lines. E5.75 and E6.5 embryos were used for EpiSCs derivation. In brief, isolated epiblasts were placed onto MEFs plates in EpiSC derivation media: N2B27 basal medium, 20% KnockOut serum replacement (Life Technologies), 20 ng ml 21 Activin-A (Peprotech) and 12 ng ml 21 FGF2 (Peprotech). After 3 days in culture, epiblast outgrowths were passaged as small clumps using collagenase IV (Life Technologies) and replated onto newly prepared MEFs. Established mouse EpiSCs were cultured in EpiSC culture media: N2B27 basal medium, 20% KnockOut serum replacement (KSR), 2 ng ml 21 Activin-A and 12 ng ml 21 FGF2. EpiSCs were cultured on MEF or FBS (Hyclone) coated plates and passaged using collagenase IV every 4-5 days.
Immunofluorescence. For immunofluorescence studies, isolated epiblasts and cells grown on chamber slides (BD Falcon) were fixed with freshly prepared 4% paraformaldehyde in PBS for 15 min at room temperature, and permeabilized/ blocked with 1% Triton-X in PBS-contained 10% FBS for 1 h at room temperature. The cells were incubated with primary antibodies in 1% FBS, 0.1% Triton-X in PBS overnight at 4 uC. The next day, cells were washed and incubated with fluorescent-labelled secondary antibodies (Molecular Probes) at 1:500 dilutions for 1 h at room temperature. Cells were washed and mounted in VECTASHIELD with DAPI (Vector Labs). Whole-mount staining of cultured embryos was performed as previously described ), respectively. Five days after seeding, cells were fixed with 4% paraformaldehyde for 15 min at room temperature, and colonies were visualized by alkaline phosphatase staining (Vector Laboratories) and/or OCT4 (Santa Cruz, sc-5279) immunohistochemistry (DAB, sigma, D3939). For human cell lines, 500 cells were seeded into Matrigel-coated 12-well plates and cultured in mTeSR1 medium or human rsESC culture medium. Six days after seeding, cells were fixed with 4% paraformaldehyde for 15 min at room temperature, and colonies were visualized by alkaline phosphatase staining. For rhesus macaque cell lines, 500 cells were seeded into 12-well plates on MEFs and cultured in CDF12 medium or rhesus macaque rsESC culture medium. Six days after seeding, cells were fixed with 4% paraformaldehyde for 15 min at room temperature, and colonies were visualized by alkaline phosphatase staining and OCT4 immunohistochemistry. Epiblast grafting and in vitro embryo culture. E7.5 mouse embryos (ICR) were dissected out from decidua. Reichert's membrane, the parietal endoderm as well as the majority of the trophoblast layer, which is part of the parietal yolk sac, were completely removed from the embryos with fine forceps, resulting in a non-intact and non-viable embryo. Grafting cells into the non-intact embryo epiblast was performed manually with an aspirator tube assembly (Drummond) and a handpulled glass capillary (Drummond, Microcaps, 50 ml). Before grafting, cells were washed twice with PBS. The cells for grafting were scratched off culture plates using a 20 ml pipette tip, and then cut into small pieces containing 40-50 cells using a tungsten needle. The embryo was held loosely by forceps, and the pulled glass capillary was inserted into the indicated regions of the epiblast. A small volume of dissection medium was expelled out from the tip of the capillary to make an opening in the epiblast and sections of the epiblast/ectoderm, mesoderm and/or endoderm cells were removed from the embryo to further ensure the embryo is in a non-intact and non-viable status prior to grafting. A clump of cells was gently placed inside the opening and the glass capillary was slowly drawn out of the embryo. Injected nonintact embryos were applied to in vitro embryo culture in 50% commercial rat serum (Harlan, B.4520) as described previously 41 . After 36 h, cultured embryos were washed twice with PBS and fixed in 4% PFA overnight at 4 uC and subsequently used for immunohistochemical analysis, as described above. Kusabira-Orange-labelled mouse EpiSCs and rsEpiSCs, GFP-labelled human H9 ESC, H9 rsESC, and GFPlabelled rhesus macaque rsESC line ORMES23 were used for the grafting experiments. Please refer to Supplementary Fig. 1 42 . Rhesus macaque PSCs were cultured on MEFs in CDF12 media. Conventional primate PSCs were passaged every 4-5 days either using collagenase IV (Life Technologies) (MEF) or Dispase (Sigma) (Matrigel) at a split ratio of 1:5. Human and chimpanzee rsPSCs were cultured either on MEFs or on plates pre-coated with Matrigel (BD Biosciences) using a customized mTeSR1 medium, where an mTeSR1 base medium 42 Oligomycin, 1 mM FCCP, 1 mM antimycin 1 1 mM rotenone) or XF Glycolysis Stress Test Kit (10 mM Glucose, 10 mg ml 21 Oligomycin, 10 mM 2 Deoxy-D-glucose) and measured following the manufacturer's instructions. Primordial germ cell induction. PGC induction from mESCs was performed following a published protocol 43 . In brief, mESCs maintainted in N2B27 2ILIF media on poly-L-orinithine (Sigma-Aldrich) and laminin (BD Biosciences) coated plates were trypsinized, counted and about 1 3 10 5 cells were seeded into one well of a 12-well plate pre-coated with human plasma fibronectin (15.7 mg ml 21 , Millipore) in N2B27 medium containing 20 ng ml 21 Activin-A (Peprotech), 12 ng ml 21 FGF2 (Peprotech) and 1% KnockOut serum replacement (Life Technologies). The medium was changed daily. After 2 days in culture, PGCLike Cells (PGCLCs) were induced by plating 1.0 3 10 3 cells per well of low-cellbinding U-bottom 96-well plate (NUNC) in GK15 medium containing GMEM (Sigma), 15% KnockOut serum replacement, 0.1 mM sodium pyruvate, 0.1 mM NEAA, 0.1 mM b-mercaptoethanol, 2 mM Glutamax and 100 U ml 21 penicillin and 0.1 mg ml 21 streptomycin supplemented with BMP4 (500 ng ml
; R&D Systems), BMP8B (500 ng ml
; R&D Systems), LIF (10 ng ml
; Peprotech), SCF (100 ng ml
; Peprotech), and EGF (50 ng ml 21 ; Peprotech). DNA constructs. For packaging of lentiviral vectors, pMDLg/pRRE, pRSV-Rev and pMD2.G plasmids were purchased from Addgene (12251, 12253 and 12259). To assess the efficiency of targeted mutagenesis at the LRRK2 locus, we purchased CAS9 expression (hCas9) and guide RNA cloning (gRNA_Cloning Vector) plasmids from Addgene (41815 and 41824) 44 . To construct the mCherry expression gRNA cloning vector (pCAGmCherry-gRNA), the CAG promoter driven mCherry expression cassette was subcloned into the gRNA cloning vector. The LRRK2 target chosen (AGATTCTTTAGATACTCTAG) is 20 bp in length, has a NGG protospacer adjacent motif (PAM) sequence at the downstream position, and was subcloned into pCAGmCherry-gRNA as per the following protocol (http:// www.addgene.org/static/data/93/40/adf4a4fe-5e77-11e2-9c30-003048dd6500.pdf) using the following primers (59-TTTCTTGGCTTTATATATCTTGTGGAAAG GACGAAACACCGGATTCTTTAGATACTCTAG-39 and 59-GACTAGCCTTA TTTTAACTTGCTATTTCTAGCTCTAAAACCTAGAGTATCTAAAGAAT CC-39). To assess the frequency of homologous recombination mediated gene targeting, we purchased pCas9_GFP (Addgene 44719), pEGIP*35 (Addgene 26776) and tGFP (Addgene 26864). To construct the mutated GFP target gRNA expression vector, the mutated GFP target sequence (CAGGGTAATCTCGA GAGCTT) was subcloned into the gRNA_Cloning Vector as described above using the following primers (59-TTTCTTGGCTTTATATATCTTGTGGAAAGGACG AAACACCGAGGGTAATCTCGAGAGCTT-39 and 59-GACTAGCCTTATTTT AACTTGCTATTTCTAGCTCTAAAACAAGCTCTCGAGATTACCCTC-39). TALENs recognizing the target site were constructed using the Golden Gate Assembly method with the TALE Toolbox kit from Addgene (cat. no.1000000019) 45 . The constructed TALEN pair targeting the mutated GFP gene was named TALEN-L and TALEN-R. Generating of a mutant eGFP human ESC reporter. To assess the efficiency of gene targeting in human ESCs and rsESCs, we established a mutated GFP genebased reporter system, similar to one previously described 56 . In brief, pEGIP*35 was cotransfected with pMDLg/pRRE, pRSV-Rev and pMD2.G, and packaged and purified as lentiviral vectors according to a published protocol 57 . H9 human ESCs cultured on Matrigel were incubated with 10 mM Y-27632 overnight and then individualized with Accumax (Innovative Cell Technologies). Cells were transduced in suspension with lentiviral EGIP*35 vector in the presence of Y-27632 and 4 mg ml 21 polybrene for 1 h. After brief centrifugation to remove any residual lentiviral vector, the cells were seeded on irradiated DR4 MEF feeders (ATCC) in CDF12 media containing 10 mM Y-27632. Three days after transduction, puromycin (1 mg ml 21 ; Invitrogen) was added to the medium. After 2 weeks, ESC colonies were manually picked onto fresh MEF feeders and expanded as mutant eGFP reporter human ESC lines. To generate corresponding rsESCs, the mutant eGFP reporter ESCs were first converted to rsESCs after culturing in human rsESC medium for five passages before lentiviral infection. Measurement of targeted mutagenesis with CRISPR/Cas9 in human ESCs and rsESCs. To compare the targeted mutagenesis efficiency in human H1 ESCs and rsESCs, 1.5 3 10 7 feeder-free cultured cells were dissociated by TrypLE (Invitrogen), and resuspended in 1 ml of medium with or without 10 mM ROCK inhibitor Y-27632 for ESCs or rsESCs, respectively. These cells were electroporated with 20 mg of Cas9-2A-GFP expression vector (pCas9_GFP) and 20 mg of LRRK2 target mCherry-gRNA expression vectors, and were plated onto 100-mm dishes pre-coated with Matrigel. Two days after electroporation, the cells were dissociated by TrypLE, and Cas9 and gRNA expression cells were sorted out as eGFP/mCherry double-positive cells by BD influx cell sorter (BD), and ,10,000 cells were plated onto 100-mm dishes pre-coated with MMC-treated MEFs. Two weeks later, visible colonies were counted and each ,96 colonies were transferred to a 96-well plate and genomic DNA was extracted following a previous report 46 . To determine targeted mutant clones, the target LRRK2 site was PCR-amplified with the following primers: forward 59-AGTCTCCAAAAATTGGGTCTTTGCCTGAGATAG ATTTGTC-39 and reverse 59-CCCAGTTTCTATTGGTCTCCTTAAACCTGT-39 with PrimeSTAR GXL DNA Polymerase (TAKARA) following the manufacturer's protocol. Amplicons were sequenced using an ABI 3730 sequencer (Applied Biosystems) with reverse primer. Measurement of gene targeting efficiencies with CRISPR/Cas9 and TALEN in human ESCs and rsESCs. To compare the targeted mutagenesis efficiency in human mutant eGFP reporter ESCs and rsESCs, 2 3 10 5 feeder-free cultured cells were dissociated by TrypLE (Invitrogen), and plated into 1 well of a 6-well plate with (ESCs) or without (rsESCs) 10 mM ROCK inhibitor Y-27632. The following day, the cells were transfected with a total of 2 mg of DNA using FuGENE HD (Promega). For CRISPR/Cas9-meditated gene targeting, 0.5 mg of Cas9 expression vector (hCas9), 0.5 mg of mutated GFP target gRNA expression vector and 1 mg of donor vector (tGFP) were co-transfected. For TALEN-mediated gene targeting, 0.5 mg of TALEN-L, 0.5 mg of TALEN-R and 1 mg of donor vector (tGFP) were co-transfected. Five days after transfection, GFP-positive cells were detected by BD LSRFortessa, and the gene-targeting frequencies per 5 3 10 5 cells were determined. Human iPSC generation. Reprogramming of human fibroblasts with episomal vectors was performed as previously described 47 with minor modifications. Episomal plasmids pCXLE-EGFP (27082), pCXLE-hOCT3.4-shp53-F (27077), pCXLE-hSK (27078) and pCXLE-hUL (27080) were obtained from Addgene. 2 3 10 6 human foreskin fibroblasts (HFF, ATCC, CRL-2429) or BJ fibroblasts (ATCC CRL-2522) were nucleofected with the episomal vectors using 4D-Nucleofector (Lonza) using P2 Primary Cell 4D-Nucleofector kit (Lonza, V4XP). Five days post-nucleofection fibroblasts were replated onto mitotically inactivated MEFs. The next day, medium was changed to human ESC culture media or human ARTICLE RESEARCH rsESC culture medium. Putative iPSC colonies were picked between day 24 and day 32 and transferred to newly prepared MEFs. For evaluating the efficiency and colony quality of iPSCs, on day 25 cells were fixed with 4% PFA for 15 min at room temperature and stained for alkaline phosphatase activity with Vectastain ABC-AP kit (Vector Laboratories). RNA preparation and real-time PCR. Total RNAs were extracted by using the QIAGEN RNeasy mini kit or the micro kit according to the manufacturer's instructions. RNAs were reverse-transcribed using iScript RT Supermix (BioRad), and real-time PCR was performed using SsoAdvanced Universal SYBR Green Supermix in CFX384 (Bio-Rad). Expression levels of each gene were normalized to GAPDH (mouse) and HPRT (human) expression and calculated using comparative C T method. Bisulfite sequencing. Genomic DNA was purified using DNeasy kit (Qiagen). Bisulfite conversion of genomic DNA was carried out using the Zymo EZ DNA Methylation-direct Kit (Zymo Research
; 2nd PCR, modified to 25 cycles. The sequences of PCR primers are described in Supplementary Table 8 . PCR products were cloned into the pCR2.1-TOPO vector (Invitrogen) and sequenced. Sequence data was analysed using QUMA (http://quma.cdb.riken.jp). DNA microarray and data analysis. Total RNA of all samples was extracted using TRIzol Reagent (Invitrogen) and purified by RNeasy Mini Kit (QIAGEN). Affymetrix Mouse Gene 2.0 ST Gene Expression Arrays were performed by the Genomics Core Facility at the Center for Regenerative Medicine in Barcelona according to the manufacturer's protocol (Affymetrix). Gene expression clustering was performed using Cluster 3.0 and visualized using Java TreeView. PCA analysis was performed using R (http://www.r-project.org) and visualized in 3D using the rgl library. RNA-seq and data analysis. RNA-seq libraries were sequenced on an Illumina HiSeq 2500 according to the manufacturer's instructions. Reads were aligned to the human genome (hg19, GRCh37) using STAR (PMID: 23104886). RNA-seq alignments were normalized to the total number of aligned reads and visualized by using HOMER (http://homer.salk.edu/homer/) 48 to generate custom tracks for the UCSC Genome Browser (http://genome.ucsc.edu/). Gene expression values were generating for RefSeq annotated transcripts using HOMER and differential expression calculations were performed using EdgeR 49 . Gene Ontology analysis was performed using DAVID (http://david.abcc.ncifcrf.gov/). GSEA analysis was performed using the GSEA software with default parameters and permutation number set to 100. Gene expression clustering was performed using Cluster 3.0 and visualized using Java TreeView. PCA analysis was performed using R and visualized in 3D using the rgl library. Spearman's rank correlation matrix was used to compare rsEpiSCs with in vivo isolated four quadrants of the E6.5 epiblasts (anterior-proximal, anterior-distal, posterior-proximal and posterior-distal). Genes were selected from the RNA-seq data sets if the standard deviation of their fragments per kilobase of exon per million reads mapped (FPKM) values among the four in vivo epiblast samples is greater than 25% of the mean. Chromatin Immunoprecipitation. ChIP experiments were carried out as described previously 50 with modifications. In brief, cells were fixed with 1% formaldehyde at 37 uC for 10 min and then quenched with glycine at 37 uC for 5 min. Fixed cells were sonicated using Epishear (Active Motif) to achieve 200-700 bp size chromatin fragments. Solubilized chromatin was immunoprecipiated with antibody against H3K4me3 (Abcam 8580) and H3K27me3 (Millipore 07-449). Antibody-chromatin complexes were pulled down using Dynabeads protein A (Invitrogen), washed and then eluted. After cross-linking reversal, RNase and proteinase K treatment, immunoprecipiated DNA was purified using AMPure beads (Beckman Coulter). Library preparation and Illumina sequencing. ChIP DNA were end-repaired and 59 phosphorylated using T4 DNA Polymerase, Klenow and T4 Polynucleotide Kinase (Enzymatics). A single adenine was added to 39 ends by Klenow (3R59 exo-), and double-stranded Bioo Illumina Adapters (Bioo Scientific) were ligated to the ends of the ChIP fragments. Adaptor-ligated ChIP DNA fragments were subjected to 15 cycles of PCR amplification using Q5 polymerase (NEB). AMPure beads were used to purify DNA after each step (Beckman Coulter). Pooled libraries were sequenced on the NextSeq500 for single-end 75 bp using high-output flowcell according to the manufacturer's instructions. Reads were aligned to the reference genome (hg19, GRCh37) by using the program bowtie2 with default parameters. Mapped reads were then investigated for the presence of enrichment against the input. Peaks with a falsediscovery rate lower or equal to 0.05 were kept for the further analysis. BEDtools package was used for detecting the Ensembl genes (version 70) overlapping with the detected peaks.
Preparation of methylC-seq libraries and sequencing. MethylC-seq libraries were prepared as previously described 22, 51, 52 . The only significant modification of the procedure was that the library amplification was performed with KAPA HiFi HotStart Uracil1 ReadyMix (Kapa Biosystems KK2802) using the following PCR conditions: 2 min at 95 uC, 30 s at 98 uC, 4 cycles of (15 s at 98 uC, 30 s at 60 uC, 1 min at 72 uC), and 10 min at 72 uC. Libraries were sequenced on an Illumina HiSeq 2500 up to 101 cycles. Processing of methylC-seq data and DMR calling. MethylC-seq reads were processed with MethylPy pipeline. (https://bitbucket.org/schultzmattd/ methylpy/) 53 . Bowtie index for methylome mapping was constructed using the build_ref function imported from the methylpy.call_mc library. The mapping of methylC-seq reads were performed using the run_methylation_pipeline function imported from methylpy.call_mc library. The identification of differentially methylated regions (DMRs) was performed using the methylpy.DMRfind. DMRfind function imported from the methylpy.DMRfind library with a FDR cutoff of 0.01 for calling differentially methylated sites (DMSs). DMSs with methylation changes in the same direction were combined into DMRs if they were located within 250 bp of one another. DMRs containing less than four DMSs were discarded. DMRs showing consistent hyper-or hypomethylation states in biological replicates as determined by MethylPy were used for further analyses. Bioinformatics of analysis of methylC-seq data. UMRs and LMRs were identified using MethylSeekR 54 with m 5 0.5 and a FDR cutoff of 0.05. The list of CpG islands was downloaded from the UCSC genome browser for the mm10 reference genome. Transcription start sites were defined by GENCODE M2 transcripts annotation. Gene Onotlogy analysis of rsEpiSCs hyper-DMRs was performed with GREAT with the default setting of 'basal plus extension' method 55 . Extraction and metabolomics. Prepare 80:20 methanol:water solution (estimating 1 ml per sample), cool to 280 uC (4-16 h). Prepare another batch of 80:20 methanol:water solution (estimating 1 ml per sample), cool to 4 uC (overnight is preferred, but a few hours should be fine also). Thaw cell pellets on ice (approximately 20 min) and remove all residual PBS from top of cell pellets. Add 1 ml of 280 uC 80:20 methanol:water solution (keep this solution on dry ice to keep it cold) to cell pellet, mix and leave on dry ice for 15 min. Centrifuge at 2,000g, 5 min, 4 uC. Transfer supernatant onto precooled 4 ml glass vial on ice, set aside on ice. Add 0.5 ml 4 uC 80:20 methanol:water solution to cell pellet, mix and leave on ice for 15 min. Centrifuge at 2,000g, 5 min, 4 uC. Transfer supernatant into previous glass vial containing extract on ice, set aside on ice. Repeat with another 0.5 ml 4 uC 80:20 methanol:water, combine all supernatants (approximately 2 ml total volume). Dry under a gentle stream of nitrogen, flush each sample briefly with nitrogen, cap and store lipids at 280 uC and reconstitute in 1:1 methanol:-water for liquid chromatography-mass spectrometry.
Samples were analysed using a 15 cm SeQuant EMD Millipore ZIC pHILIC column (15 cm, 5 mm particle size, 2.1 mm inner diameter (ID)) at a flow rate of 0.100 ml per minute. Mobile phases A and B were 20 mM ammonium carbonate with 0.1% v/v ammonium hydroxide and acetonitrile, respectively. The mobile phase composition started at 100% B and decreased to 40% B over 20 min. Mobile phase B was then raised to 20% over 0.1 min and maintained at 20% B for 4.9 min for washing out the most strongly retained hydrophilic metabolites. The column was then allowed to re-equilibrate to starting conditions over 0.1 min of 100% B and kept there for the next 11.9 min. Samples were run on the Bruker Impact HD q-TOF mass spectrometer with internal calibration of each liquid chromatography-mass spectrometry run using sodium formate clusters at the beginning and end of the run. The instrument was carefully tuned to transmit low m/z ions. Extraction and lipidomics. Harvest cells by scraping into cold PBS on ice, pellet cells at 1,400g, 3 min, 4 uC. Suspend cell pellet in small amount (50-100 ml) of PBS and transfer rest of cells into Teflon-capped glass vials on ice. Add aqueous buffer to 1 ml. Add 1 ml methanol followed by 2 ml chloroform. Shake vigorously for 30 s, then vortex on high for 15 s (room temperature). Centrifuge at 2,200g, 6 min, 4 uC. Gently remove chloroform (bottom) layer and transfer the chloroform into a clean vial, transfer again from the first clean vial into a second vial to remove additional aqueous contaminants. Dry chloroform under a gentle stream of nitrogen (30-45 min), flush each sample briefly with nitrogen, cap and store lipids at -80 uC and reconstitute in chloroform for liquid chromatography-mass spectrometry.
A Gemini C18 reversed phase column (5 mm, 4.6 3 50 mm, Phenomonex) and a C18 reversed phase guard column (3.5 mm, 2 3 20 mm, Western Analytical) were used for liquid chromatography-mass spectrometry analysis in negative mode. In positive mode, a Luna C5 reversed phase column (5 mm, 4.6 3 50 mm, Phenomonex) was used together with a C4 reversed phase guard column (3.5 mm, 2 3 20 mm, Western Analytical). 30 ml of each sample was injected using an autosampler. Mobile phase A consisted of a 95:5 water:methanol mixture and mobile phase B consisted of 60:35:5 2-propanol:methanol:water. In negative mode, 0.1% ammonium hydroxide was added to the mobile phases and in
RESEARCH ARTICLE
positive mode, 0.1% formic acid plus 5 mM ammonium formate were added. An Agilent 1200 series binary pump was set to a flow rate of 0.1 ml per min for the first 5 min followed by 0.4 ml per min for the remainder of the gradient. At 5 min, concomitant with the increase in flow rate, the gradient was increased from 0% B to 20% B. The gradient increased linearly to 100% B at 45 min, followed by an 8-min wash at 0.5 ml per min with 100% B before re-equilibrating the column with 0% B for 7 min. Mass spectrometry analysis was performed using an Agilent 6220 ESI-TOF fitted with an electrospray ionization (ESI) source. The capillary voltage was set to 3,500 kV and the fragmentor voltage to 100 V. The drying gas temperature was set to 350 uC at a flow rate of 10 l per min with a nebulizer pressure set to 45 p.s.i. Untargeted data were collected using a mass-to-charge range of m/z 100-1,500. Mass spectrometry data analysis. Data analysis was performed with XCMS online to identify changing metabolites between samples. Samples (EpiSCs and rsEpiSCs) were compared and differences were ranked according to statistical significance as calculated by an unpaired Student's t test. For the volcano plot, data were obtained from the 60-min profiling analysis in negative and positive mode and the data were filtered based on retention time range (5-40 min) and abundance (.5 3 10 3 counts). For the metabolite and lipid identification each ion was inspected to ensure that the differences identified by XCMS were reflected in the raw data. Many of the ions in the volcano plots belonged to di-, tri-and tetrapeptides and were not annotated in our final metabolite lists. The metabolite IDs listed are based on metabolites in the METLIN database that are within 5 p.p.m. of the experimental mass measured. This is all done automatically in XCMS online. In several cases, more than one metabolite is identified for a given mass because they all have the same formula. Where required we selected the metabolite that was most appropriate (that is, a mammalian metabolite versus a drug with the same formula) and listed that metabolite. ; t-test, **P , 0.01, *P , 0.05. b, Expression of OCT4, NANOG, SOX2, DNMT3B and SSEA-1 proteins in mouse rsEpiSCs was analysed by immunofluorescence. Mouse rsEpiSCs also displayed weak alkaline phosphatase activity and showed positive H3K27me3 foci confirming an inactivated X chromosome in female rsEpiSCs. c, Western blot analyses of OCT4, NANOG and SOX2 protein levels in mouse ESCs, EpiSCs and four different lines of rsEpiSCs. b-actin was used as loading control. For NANOG, an additional long-exposure image was shown (without ESC sample loaded). For full scan associated with b, refer to Supplementary Information. d, DNA methylation patterns of Oct4, Dppa5 and Stella promoters in mESCs, EpiSCs and rsEpiSCs. e, Representative bright-field images showing colonies stained by immunohistochemistry for OCT4 expression after being plated at clonal density (500 cells per well), and cultured for 5 days. Y27632 was added at 10 mM. f, Karyotype analysis of mouse rsEpiSCs indicates a normal diploid chromosome content. g, Flow cytometry analysis of OCT4, SOX2 and NANOG expression in mouse ESCs, EpiSCs and rsEpiSCs. h, Cell-cycle profiles of mouse ESCs and rsEpiSCs analysed by flow cytometry. i, Haematoxylin and eosin staining images of teratomas generated by rsEpiSCs show lineage differentiation towards three germ layers. j, Teratomas generated by rsEpiSCs showed tri-lineage differentiation as examined by immunofluorescence analysis using FOXA2 (endoderm), TUJ1 (neuroectoderm) and ASMA (mesoderm) antibodies. k, Teratomas generated by injecting indicated number of cells in testis of NOD/SCID male mice. EpiSCs and three different lines of rsEpiSCs were used for comparison. After one month, mice were euthanized. Teratomas were retrieved and measured in size and weight. (EpiSCs, n 5 1, biological replicate, two technical replicates; rsEpiSCs, n 5 3, biological replicates, two technical replicates per line; error bars, s.d.) l, Flow cytometry analysis of TUJ1, ASMA and Ep-CAM expression in teratomas generated by EpiSCs and three different lines of rsEpiSCs. m, Bright-field images of isolated non-intact and non-viable E7.25-7.5 mouse embryos before and after in vitro embryo culture. c, Top five Gene Ontology (GO) terms enriched in the set of genes that are differentially expressed by at least fourfold (either up or down) between rsEpiSCs and EpiSCs. d, Average H3K27me3 signal at Polycomb target genes in rsEpiSCs (purple) and EpiSCs (green). e, Plots of DNA methylation and histone methylation (H3K4me3 and H3K27me3) signals around the transcription start sites of representative classes of genes. Examples given include pluripotent genes (Sall4, Klf4 and Lin28a), neuronal-related genes (Sox2, Gbx2 and Sox1) and cell-membrane-related genes (Cldn6, Cldn3 and Cdh1). f, Global cytosine methylation at CG sites (mCG) levels of EpiSCs and rsEpiSCs (top left). The numbers of hyper-and hypo-DMRs discovered in rsEpiSCs (top right). The numbers of promoter-associated (transcription start site 6 2.5 kb), distal (.10 kb from transcription start site) and proximal (transcription start site 6 2.5 to 10 kb) rsEpiSCs hyper-and hypo-DMRs (bottom). g, Positive correlation between the amount of gene body non-CG DNA methylation and the level of gene expression. h, Gene Ontology biological process and molecular function term enrichment for genomic regions associated with rsEpiSCs hyper-DMRs.
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i, PC1-PC2 plane from PCA analysis of transcriptome comparison between samples from this study (rsEpiSCs (circled with red line) and EpiSCs (circled with yellow line)) and a published data set 6 (in vivo epiblast isolated from different developmental stages (CAV, cavity; PS, pre-streak; LMS, late midstreak; LS, late streak; OB, no bud; EB, early bud; LB, late bud) and EpiSCs (circled with thick blue line)). The green arrow through the in vivo samples delineates a progressing 'developmental axis'. j, Hierarchical clustering of rsEpiSCs (red), EpiSCs (both from this study (yellow) and ref. 6 (blue)) and epiblasts of CAV, PS, LMS, LS, OB, EB and LB stages (green) using data from all annotated probes. k, Relative expression between rsEpiSCs and in vivo latestreak-stage epiblast (ref. 6) of genes characteristic of anterior mesendoderm (AME), anterior definitive endoderm (ADE), anterior primitive streak (APrS), whole primitive streak (PrS) and posterior primitive streak (PPrS). i, Primordial germ cell induction from Blimp1-YFP mESCs and rsEpiSCs. Left, before induction, both mESCs and rsEpiSCs were found negative for YFP; successful induction was observed with mESCs, as indicated by a positive YFP signal in cell aggregates, but not with rsEpiSCs. Right, PGC induction efficiency was compared between Blimp1-YFP mESCs and rsEpiSCs. Error bars indicate s.d. (n 5 3, independent experiments); t-test, **P , 0.01, *P , 0.05. CAV, cavity; PS, pre-streak; ES, early streak; MS, mid-streak; LMS, late mid-streak; LS, late streak; OB/EB, no bud/early bud; LB, late bud. EpiSCs and rsEpiSCs (n 5 4). h, Heat map of differentially expressed genes for mitochondrial complex COX and enzymes involved in glycolysis and the tricarboxylic acid cycle selected from the RNA-seq data set, P , 0.05. i, j, Volcano plots of hydrophilic (metabolomics) and hydrophobic (lipidomics) metabolites show broad changes in metabolite levels between EpiSCs and rsEpiSCs. Error bars indicate s.d.; t-test, **P , 0.01, *P , 0.05 (a-g, n 5 6, technical replicates).
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Extended Data Figure 10 | Non-human primate rsPSCs. a, Phase-contrast images of colony morphologies of rhesus macaque rsESCs (ORMES22 and ORMES23), rhesus macaque rsiPSCs and chimpanzee rsiPSCs. b, Immunofluorescence images of NANOG, SOX2, DNMT3b, TRA-1-60 and TRA-1-80 protein expression in ORMES23 rsESCs. ORMES23 rsESCs were also stained for alkaline phosphatase (AP) activity and OCT4 immunohistochemistry (top right). c, Haematoxylin and eosin staining images of teratomas generated by chimpanzee rsiPSCs show lineage differentiation towards three germ layers. d, Schematic representation of epiblast grafting experiment with GFP-labelled ORMES23 rsESCs (Please refer to Supplementary Fig. 1 for details) . A, anterior; P, posterior; D, distal. e, Fluorescence images of grafted embryos after in vitro culture. GFP-labelled ORMES23 rsESCs were grafted to posterior, distal and anterior regions of epiblasts of isolated non-intact and non-viable E7.5 mouse embryos and cultured in vitro for 36 h before fixation and visualization by an inverted fluorescence microscope. Arrowhead indicates a cell clump failed to distribute. Dashed line indicates dispersed cells in the posterior region of grafted embryo. Blue, DAPI. Insets show higher-magnification images of GFP-labelled cells. f, Top, quantification of the extent of cell spreading of GFP-labelled ORMES23 rsESCs after being grafted to different regions of E7.5 mouse epiblasts. Bottom, incorporation efficiency of grafted GFP-labelled ORMES23 rsESCs in mouse E7.5 epiblasts. Error bars indicate s.d. (n, indicated on the graph, independent experiments); t-test, *P , 0.05.
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